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Abstract The protective effect of melatonin, 6-hydroxymelatonin and N-acetylserotonin against a-naphthyl-
isothiocyanate (ANIT)-induced liver injury was investigated and compared in rats injected once with the hepatotoxicant
(75 mg/kg body weight). In rats injected with ANIT alone, liver injury with cholestasis developed within 24 h, as
indicated by both serum levels of alanine aminotransferase (SGPT) and aspartic acid aminotransferase (SGOT) activities
and serum total bilirubin concentration. The administration of melatonin or 6-hydroxymelatonin (10 mg/kg body weight)
to ANIT-injected rats reduced signi®cantly the serum levels of both SGPT and SGOT and the serum total bilirubin
concentration. For all hepatic biochemical markers, melatonin was more effective that 6-hydroxymelatonin. By
comparison, the administration of N-acetylserotonin (10 mg/kg body weight) to ANIT-injected rats did not reduce the
serum levels of either hepatic enzymes or the serum total bilirubin concentration. In ANIT-injected rats, hepatic lipid
peroxidation (LPO) was signi®cantly higher than in control animals and this increase was signi®cantly reduced by either
melatonin, 6-hydroxymelatonin or N-acetylserotonin. Furthermore, ANIT treatment caused a signi®cant reduction in
liver microsomal membrane ¯uidity and this reduction was completely reversed by the three indoles. The liver from
ANIT-injected rats showed several histopathological alterations; above all there was an acute in®ltration of polymor-
phonuclear neutrophils and an increase in the number of apparent apoptotic hepatocytes. The concurrent administration
of melatonin reduced the severity of all morphological alterations, specially the neutrophil in®ltration and the number of
presumed apoptotic cells. On the contrary, the administration of 6-hydroxymelatonin or N-acetylserotonin did not
provide any protective effect in terms of the histopathological alterations. These results indicate that melatonin protects
against ANIT-induced liver injury with cholestasis in rats, and suggests that this protective effect is likely due to its
antioxidant properties and above all to its capacity to inhibit liver neutrophil in®ltration, a critical factor in the
pathogenesis of ANIT-induced liver injury. 6-hydroxymelatonin, although able to provide partial protection against the
ANIT-induced hepatic injury, probably through its antioxidant properties by mechanisms that are unclear, was unable to
reduce neutrophil in®ltration. Finally, N-acetylserotonin in the experimental conditions of this study, only exhibited
some antioxidant protection but had no protective effect against ANIT-induced hepatic damage. J. Cell. Biochem.
80:461±470, 2001. ß 2001 Wiley-Liss, Inc.
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a-naphthylisothiocyanate (ANIT) is a well-
known toxic substance that produces a cholan-

giolitic hepatitis characterized by intrahepatic
cholestasis, hepatocellular and biliary epithe-
lial cell necrosis, and bile duct obstruction [Plaa
and Priestly, 1977; Roth and Dahm, 1997]. An
in¯ammatory response in the periportal reg-
ions of liver lobules leads to edema and a
pronounced in®ltration of polymorphonuclear
neutrophils into hepatic tissue occurs before
the onset of overt liver damage in rats intoxi-
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cated once with ANIT [Goldfarb et al., 1962].
ANIT has attracted attention because it pro-
duces, in certain animal species, hepatic les-
ions that resemble those occurring in biliary
cirrhosis in humans [Plaa and Priestly, 1977].
In addition, cholestasis and hepatic lesions res-
ulting from the administration of certain drugs
(e.g., erythromycin estolate, chlorpromazine,
and others) to humans are mimicked by ANIT
administration to rats, so animal models of
ANIT hepatotoxicity may by useful for study-
ing the mechanisms of drug-induced cholesta-
sis [Plaa and Priestly, 1977].

The mechanisms of ANIT-induced liver
injury have been proposed but they have not
been proven [Roth and Dahm, 1997]. In this
context, Calcamuggi et al. [1992] suggested
that endotoxemia may play a pathogenic role in
ANIT-induced liver injury in rats and other
studies demonstrated that glutathione plays an
important role in ANIT hepatotoxicity [Jean
and Roth, 1995]. On the other hand, it has been
clearly demonstrated that the pathogenesis of
ANIT hepatotoxicity is neutrophil-dependent.
Thus, Dahm et al. [1991] reported that neu-
trophil depletion protects against liver injury
in rats treated once with ANIT, while admin-
istration of oxygen radical scavengers, such as
superoxide dismutase and catalase, do not pro-
tect against this hepatic injury. Thus, these
authors suggested that the contribution of
neutrophils to the development of ANIT-
induced liver injury involves a mechanism
independent of the production of oxygen radi-
cals. Ohta et al. [1997] reported, however, that
in rats intoxicated once with ANIT, serum lipid
peroxide (LPO) level increases with the forma-
tion and progression of liver injury and that
two different Chinese herbal products, which
work as oxygen radical scavengers and have
anti-in¯ammatory actions, prevent the pro-
gression of ANIT-induced hepatic injury and
inhibit the rise in serum lipid peroxidation pro-
ducts. In addition, recently Kongo et al. [1999]
suggested that lipid peroxidation might be
associated with ANIT-induced liver injury in
rats and that the damage to lipids probably
occurs via oxygen radicals derived from neu-
trophils which in®ltrate the liver tissue of
ANIT-intoxicated rats.

Melatonin, the main pineal secretory pro-
duct, is known to function as an ef®cient antio-
xidant molecule in vitro and in vivo [Reiter,
1996]. Thus, it has been shown that in animals

and tissues exposed to agents which induce
lipid peroxidation, melatonin provides sub-
stantial protection against this oxidative des-
truction [Reiter, 1996; Longoni et al., 1998].
Additionally, melatonin exerts a protective
effect against acute hepatic injuries induced
by endotoxic shock [Sewerynek et al., 1995] and
ischemia-reperfusion [Sewerynek et al., 1996]
in rats through its antioxidant and its inhibi-
tory effects on neutrophil in®ltration into
the liver tissue. These ®ndings suggest that
melatonin may protect against ANIT-induced
liver injury with cholestasis in rats because of
its antioxidant action and/or its inhibitory
effect on neutrophil in®ltration. Similar sug-
gestions have been made recently by Ohta et al.
[2000a].

In addition to melatonin, other related
indoles such as 6-hydroxymelatonin and N-
acetylserotonin have antioxidant properties in
in vitro studies [Chan and Tang, 1996; Matus-
zak et al., 1997; WoÈl¯er et al., 1999]. However,
few studies have investigated and compared
the antioxidant properties of different indoles
under in vivo conditions [Hara et al., 1997]. In
the current study, we investigate and compare
the protective effect of melatonin, 6-hydroxy-
melatonin and N-acetylserotonin against ANIT-
induced liver injury in rats.

MATERIALS AND METHODS

Chemicals

ANIT, melatonin, 6-hydroxymelatonin, N-
acetylserotonin, and bovine serum albumin
were purchased from Sigma (St. Louis, MO)
and 1-(4-trimethyl-ammoniumphenyl)-6-phe-
nyl-1,3,5-hexatriene-p-toluene-sulfonate (TMA-
DPH) was purchased from Molecular Probes
(Eugene, OR). The Bioxytech LPO-586 kit,
purchased from Cayman Chemical (Ann Har-
bor, MI), was used for measuring the lipid
peroxidation products, malonaldehyde (MDA)
and 4-hydroxyalkenals (4-HDA). Apoptosis
was morphologically detected in situ by
terminal deoxynucleotidyl transferase assay
(Apoptag Kit, Oncor, Inc. USA). Total serum
bilirubin, serum alanine aminotransferase
(SGPT) and serum aspartic acid aminotrans-
ferase (SGOT) were assayed using commer-
cial test kits from Bayer Diagnostic. All
other chemicals used were of analytical
grade and were purchased from commercial
sources.
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Animals

All animal procedures were in strict accor-
dance with the NIH Guide for the Care and Use
of Laboratory animals. Male Sprague-Dawley
rats, weighing 200±250 g, were purchased from
Harlan (Houston, TX) and housed three per
plexiglass cage. The animal rooms were win-
dowless with automatic temperature control
(22� 2�C) and lighting (light on at 0700 hours
and off at 2100 hours; 14 h light and 10 h dark).
Animals received standard laboratory chow
and water ad libitum.

Experimental Procedures

After 1 week of acclimation, the animals
were divided in eight groups as follows: group I
(control), group II (melatonin), group III (6-hy-
droxymelatonin), group IV (N-acetylserotonin),
group V (ANIT), group VI (ANIT�melatonin),
group VII (ANIT�6-hydroxymelatonin), and
group VIII (ANIT�N-acetylserotonin). Prior
to the injections, the rats were fasted for 12 h,
but had free access to water. For the experi-
ment, groups V±VIII were intraperitoneally
injected with ANIT dissolved in olive oil at a
dose of 75 mg/kg body weight [Ohta et al.,
2000a; Kongo et al., 1999]. The groups I±IV
received an intraperitoneal injection of the
same volume of olive oil. Thirty minutes before
the ANIT injections and at 6, 12, and 18 h after
toxin injection, melatonin (groups II and VI),
6-hydroxymelatonin (groups III and VII) or
N-acetylserotonin (groups IV and VIII) was
intraperitoneally administered at a dose of
10 mg/kg body weight. The three indoles were
dissolved in ethanol and thereafter diluted in
saline (the ®nal concentration of ethanol was
1%). Groups I (control) and V (ANIT) received
the dose intraperitoneally and at the same
time the same volume of ethanol/saline
solution. This scheme of indole administration
has been previously used and found effective
in reducing oxidative damage [Sewerynek
et al., 1995; Carneiro and Reiter, 1998].
Beginning at the time of ANIT administration
and continuing to the end of the study all
animals had free access to food and water.
The animals were sacri®ced by decapitation.
After decapitation, blood and liver samples
were quickly collected. The collected blood
was centrifuged to obtained serum. Serum
and liver samples were frozen at ÿ80�C until
use.

Assay of Serum Enzymes and Total Bilirubin

Serum alanine aminotransferase (SGPT)
and the aspartic acid aminotransferase (SGOT)
were measured automatically (COBAS INTE-
GRA, Roche) using a commercially prepared kit
(Roche). These enzyme activities are expressed
as international units/litre (IU/L). Total serum
bilirubin also was measured automatically
(COBAS INTEGRA, Roche) using a kit from
Roche. The serum SGPT and SGOT were used
as indices of hepatic cell damage and the total
bilirubin as an index of cholestasis.

Assay of Hepatic LPO and Protein

To analyze for lipid peroxidation, a portion of
each liver was homogenized in ice-cold 20 mM
Tris buffer, pH 7.4, with a Polytron-like stirrer
to produce a 1/10 homogenate. Homogenates
were centrifuged at 3,000 rpm for 30 min at 4�C
and the supernatant was collected and imme-
diately tested for products of lipid peroxidation.
Lipid peroxidation products [malonaldehyde
(MDA) and 4-hydroxyalkenals (4-HDA)] were
estimated in the supernatants by a colorimetric
assay using the Bioxytech LPO-586 kit. In this
technique, MDA and 4-HDA react with a chro-
mogenic reagent at 45�C yielding a stable chro-
mophore with maximal absorbance at 586 nm
wavelength and provide a convenient index of
lipid peroxidation [Esterbauer and Cheese-
man, 1990]. The light wavelength and the low
temperature of incubation used for the mea-
surements eliminate interference and undesir-
able artefacts. Results are expressed as nmol
MDA�4-HDA mgÿ1 microsomal protein. Liver
protein concentrations were measured by the
Bradford [1976] method using bovine serum
albumin as standard.

Microsome Isolation

The microsomal fraction was isolated as
described previously [GarcõÂa et al., 1997].
Brie¯y, the liver was homogenized 1/10 w/v in
140 mM KCl, 20 mM HEPES buffer, pH 7.4.
The suspension was centrifuged at 1,000� g for
10 min and the resulting supernatant was cen-
trifuged at 105,000� g for 60 min. The pellet
obtained was re-suspended in the same buf-
fer and centrifuged at 10,000� g for 15 min.
Then, the supernatant was re-centrifuged at
105,000� g for 60 min and the ®nal pellet was
re-suspended 1/1 v/v in the same buffer and
stored at ÿ80�C until assay. After isolation,
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microsomal membrane ¯uidity and MDA�4-
HDA concentrations were determined.

Membrane Fluidity

Membrane ¯uidity was measured using the
TMA-DPH as probe as described by GarcõÂa et al.
[1997]. Brie¯y, a suspension of 0.5 mg micro-
somal protein in 50 mM Tris±HCl buffer, pH
7.4 (3 ml ®nal volume) was vigorously mixed on
a vortex with TMA-DPH (66.7 nM) for 1 min
and incubated with shaking for 30 min at 37�C
to ensure the uniform distribution of the ¯uore-
scent probe in the microsomes. Polarization
parameters (average of 30 observations for
each determination) were carried out in a
Perkin-Elmer LS-50 luminiscence spectro-
meter equipped with a circulatory water bath
to maintain the temperature of 22� 0.1�C.
TMA-DPH was excited at 360 nm and its emi-
ssion recorded at 430 nm. The degree of pola-
rization (P) was calculated using following
equation:

P � IVv
ÿGIVH

IVV
�GIVH

IVV
and IVH

are the emission intensity of
vertically polarized light detected by an analy-
zer oriented parallel or perpendicular, respec-
tively, to the excitation plane and G is a
correction factor for the optical system. Results
of membrane ¯uidity were expressed as the
inverse of P [GarcõÂa et al. 1997].

Morphological Analysis

For the histological studies, a small portion
of six livers was obtained from rats of each
group. These were ®xed in 4% paraformalde-
hyde buffered with phosphate solution (0.1 M,
pH 7.4) at room temperature. Liver fragments
were washed in phosphate buffer and dehy-
drated in graded concentrations of ethanol (70,
80, 90 and 100%); the fragments were embe-
dded in Paraplas-Plus. From each liver, 4 mm
thick sections were obtained and stained with
hematoxylin-eosin to evaluate hepatic mor-
phology. Polymorphonuclear neutrophils were
counted in 10 randomly selected high-power
®elds (�650) using an image analysis system
(analySIS 2.0).

Morphological Apoptosis Analysis

Apoptosis is often preceded by internucleo-
somal DNA fragmentation. Apoptotic cells

were morphologically detected in situ by term-
inal deoxynucleotidyl transferase assay and
counted under a light microscope at a magni-
®cation of 250� ; in each ®eld the number of
apoptotic cells was assessed. A total of 50 peri-
portal areas per rat liver were randomly
examined using an image analysis system
(analySIS 2.0) in six rats each group.

Statistical Analysis

Data were analyzed using one-way analysis
of variance (ANOVA). If the values were signi-
®cant, the Bonferroni test was used to compare
the treated and controls groups. The level of
signi®cance was accepted at P < 0:05.

RESULTS

Serum Levels of Hepatic Enzymes
and Total Bilirrubin

Serum SGPT and SGOT activities were
determined as indices of hepatic cell damage.
In rats injected with ANIT the serum levels of
both SGPT and SGOT activities were signi®-
cantly higher than those determined in the
control group (Fig. 1A,B). The administration
of melatonin and 6-hydroxymelatonin to ANIT-
injected rats reduced signi®cantly the serum
levels of SGPT and SGOT activities (Fig. 1A,B).
However, in both cases melatonin was more
ef®cient that 6-hydroxymelatonin in reducing
the effect of ANIT. On the other hand, the
administration of N-acetylserotonin did not
lower serum activity levels of either SGPT or
SGOT (Fig. 1A,B). The injection of melatonin,
6-hydroxymelatonin and N-acetylserotonin
alone did not affect the activities of these hepa-
tic enzymes in the serum (Fig. 1A,B).

Total bilirubin concentration, which is an
index of cholestasis, in the ANIT-injected rats
was signi®cantly higher than values obtained
in control rats (Fig. 1C). When rats were trea-
ted with melatonin, 6-hydroxymelatonin or
N-acetylserotonin, respectively, melatonin and
6-hydroxymelatonin, but not the N-acetyl-
serotonin, reduced signi®cantly total serum
bilirubin (Fig. 1C). Melatonin was again more
ef®cient that 6-hydroxymelatonin in reducing
the high levels of total bilirubin obtained in
ANIT-injected rats. Treatment of rats with
melatonin, 6-hydroxymelatonin or N-acetylser-
otonin alone did not affect the total bilirubin
concentrations compared to that of control rats
(Fig. 1C).
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Lipid Peroxidation and Membrane Fluidity

Hepatic lipid peroxidation in the ANIT-
injected rats was signi®cantly higher than that
in the control group (Fig. 2). When rats were
treated with melatonin, 6-hydroxymelatonin or
N-acetylserotonin, the increased MDA�4-HDA
levels induced by ANIT were signi®cantly red-

uced (Fig. 2). The administration of melatonin,
6-hydroxymelatonin or N-acetylserotonin alo-
ne did not in¯uence the level of liver lipid
peroxidation products (Fig. 2).

As is shown in Figure 3, ANIT caused a
signi®cant reduction in microsome membrane
¯uidity, quantitated as changes in 1/P, with
respect to the values of the control group. This
reduction in microsome membrane ¯uidity was
completely reversed by melatonin, 6-hydro-
xymelatonin or N-acetylserotonin (Fig. 3).
Melatonin, 6-hydroxymelatonin or N-acetyl-
serotonin alone did not in¯uence membrane
¯uidity (Fig. 3).

Morphological Studies

The livers of the control group and the rats
injected only with melatonin, 6-hydroxymela-
tonin or N-acetylserotonin exhibited the nor-
mal structure (data not shown). Microscopic
examination of liver after ANIT administration

Fig. 1. Effect of intraperitoneal injections of melatonin,
6-hydroxymelatonin or N-acetylserotonin (10 mg/kg body
weight) on activities of SGPT (A), SGOT (B), and total bilirubin
(C) in sera of rats given a single intraperitoneal injection of ANIT
(75 mg/kg body weight). Serum SGPT, SGOT, and total bilirubin
were assayed in control rats (C), rats injected with melatonin
(MEL), 6-hydroxymelatonin (6-OH-MEL), N-acetylserotonin
(NAS), ANIT (ANIT), ANIT plus melatonin (ANIT�MEL), ANIT
plus 6-hydroxymelatonin (ANIT�6-OH-MEL), and ANIT plus
N-acetylserotonin (ANIT�NAS) as described in Material and
Methods. Each value represents the mean� SEM.

Fig. 2. Effect of intraperitoneal injections of melatonin, 6-
hydroxymelatonin or N-acetylserotonin (10 mg/kg body weight)
on hepatic lipid peroxidation in rats given a single intraper-
itoneal injection of ANIT (75 mg/kg body weight). Lipid peroxi-
dation is expressed by MDA and 4-HDA concentrations.
Hepatic lipid peroxidation was assayed in control rats (C), rats
injected with melatonin (MEL), 6-hydroxymelatonin (6-OH-
MEL), N-acetylserotonin (NAS), ANIT (ANIT), ANIT plus
melatonin (ANIT�MEL), ANIT plus 6-hydroxymelatonin
(ANIT�6-OH-MEL), and ANIT plus N-acetylserotonin
(ANIT�NAS) as described in Material and Methods. Each value
represents the mean� SEM.
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showed an acute in®ltration with polymorpho-
nuclear neutrophils (Table I). Concurrent mel-
atonin administration reduced the severity
of polymorphonuclear neutrophil in®ltration
(Table I). Injection of 6-hydroxymelatonin or
N-acetylserotonin did not reduce the polymor-
phonuclear neutrophil in®ltration caused by
ANIT (Table I).

Morphological Apoptosis Analysis

The apoptotic cells were found as individual
cells in close proximity to the ducts and among
the cells comprising the ductual epithelium.
Quanti®cation of the number of cells under-
going apoptosis in the periportal area revealed
an increase in ANIT-injected rats (Table I).
Although apoptotic cells were only quanti®ed
in the portal areas, they were detectable in
other areas of the liver acinus as well. Con-
current melatonin administration reduced
signi®cantly the number of apoptotic cells
(Table I). Rats treated with 6-hydroxymelato-
nin or N-acetylserotonin were not protected

from ANIT in terms of the number of apoptotic
cells (Table I). Control rats and rats treated
with only melatonin, 6-hydroxymelatonin or
N-acetylserotonin exhibited a small number of
apoptotic cells (Table I).

DISCUSSION

In the present paper we investigated and
compared, under in vivo conditions, the protec-
tive effect of melatonin, 6-hydroxymelatonin or
N-acetylserotonin against the hepatotoxicity of
ANIT, a well-characterized hepatotoxin that
produces a cholangiolitic hepatitis character-
ized by intrahepatic cholestasis, necrosis of
both hepatocytes and biliary epithelial cells
and bile duct obstruction [Plaa and Priestly,
1977; Roth and Dahm, 1997]. Rats injected
once with ANIT (75 mg/kg body weight) exhib-
ited liver injury and cholestasis 24 h after the
injection, as indicated by the serum activity
levels of SGPT and SGOT and total serum
bilirubin concentration; this is consistent with
previous reports [Kongo et al., 1999; Ohta et al.,
2000a]. In our experimental model, melatonin,
6-hydroxymelatonin or N-acetylserotonin was
intraperitoneally administered to the rats at a
dose of 10 mg/kg body weight 30 min before the
ANIT injection and 6, 12, and 18 h after ANIT

Fig. 3. Effect of intraperitoneal injections of melatonin, 6-
hydroxymelatonin or N-acetylserotonin (10 mg/kg body weight)
on microsomal membrane ¯uidity (1/P) in rats given a single
intraperitoneal injection of ANIT (75 mg/kg body weight).
Microsomal membrane ¯uidity was assayed in control rats (C),
rats injected with melatonin (MEL), 6-hydroxymelatonin (6-OH-
MEL), N-acetylserotonin (NAS), ANIT (ANIT), ANIT plus
melatonin (ANIT�MEL), ANIT plus 6-hydroxymelatonin
(ANIT�6-OH-MEL), and ANIT plus N-acetylserotonin
(ANIT�NAS) as described in Material and Methods. Each value
represents the mean� SEM.

TABLE I. Effect of Melatonin and
Related Indoles on the Number of

Polymorphonuclear Neutrophils (PMNs)
and Apoptotic Cells in the Liver After

a-naphthylisothiocyanate Administration

Treatment PMNs Apoptotic cells

C 10� 1.63 6� 1.22
MEL 8� 1.22 4� 0.82
6-OH-MEL 9� 2.04 6� 0.82
NAS 10� 2.04 6� 0.82
ANIT 98� 8.16 15� 1.22
ANIT�MEL 47� 5.31 9� 0.82
ANIT�6-OH-MEL 87� 6.12 16� 1.22
ANIT�NAS 96� 8.16 15� 1.22

The number of polymorphonuclear neutrophils and
apoptotic cells were assayed in control rats (C), rats
injected with melatonin (MEL), 6-hydroxymelatonin
(6-OH-MEL), N-acetylserotonin (NAS), ANIT
(ANIT), ANIT plus melatonin (ANIT�MEL), ANIT
plus 6-hydroxymelatonin (ANIT�6-OH-MEL), and
ANIT plus N-acetylserotonin (ANIT�NAS). The
number of polymorphonuclear neutrophils were
assayed in 10 randomly selected high power ®elds.
The number of apoptotic cells were assayed from a
total of 50 periportal areas randomly selected per rat
liver. Values are expressed as mean�SEM in six
animals in each group.
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injection. This experimental injection schedule
for melatonin and related indoles has been
used in other experimental models and been
found effective in reducing oxidative damage
[Sewerynek et al., 1995; Carneiro and Reiter,
1998]. Melatonin, and to a lesser degree
6-hydroxymelatonin, as able to protect against
ANIT-induced liver injury with cholestasis as
demonstrated by the serum values of both
SGPT and SGOT activities and total bilirubin
concentration. However, N-acetylserotonin
was unable to protect against the hepatotoxic
effects of ANIT. This is the ®rst study in which
6-hydroxymelatonin and N-acetylserotonin
have been tested as to their potential protective
effects against ANIT toxicity.

Previous reports [Kongo et al., 1999; Ohta
et al., 2000a] have shown that in rats given a
single injection of ANIT, an increase in hepatic
LPO levels occurs before discernible morpholo-
gical injury which is enhanced with the progre-
ssion of hepatic damage. Accordingly, they
have proposed that lipid peroxidation is a signi-
®cant feature of ANIT-induced hepatic injury
[Kongo et al., 1999; Ohta et al., 2000a]. In the
present study, hepatic LPO products were con-
sistent with morphological evidence of damage.
When rats were treated with either melatonin,
6-hydroxymelatonin or N-acetylserotonin, int-
erestingly, the increased hepatic lipid peroxi-
dation products induced by ANIT were reduced
in a similar manner by all three indoles.

With respect to melatonin, it is well known
that this molecule has antioxidant properties
under both in vitro and in vivo conditions
[Reiter, 1996; Longoni et al., 1998]. Further-
more, melatonin has been shown to protect
against hepatic injury induced by endotoxic
and non-endotoxic shock [Sewerynek et al.,
1995; El-Sokkary et al., 1999a], ischemia-
reperfusion [Sewerynek et al., 1996], ethanol
administration [El-Sokkary et al., 1999b], car-
bon tetrachloride injection [Ohta et al., 2000b],
and ligature of extra-hepatic biliary duct
[Montilla et al., 2000]. In all these situations,
lipid peroxidation induced by oxygen radicals is
involved and the protective role of melatonin is
believed to result from its antioxidant proper-
ties. Consequently, we speculate that the red-
uction of lipid peroxidation seen in this study,
at least in part, was a consequence of the
antioxidant properties of melatonin. Moreover,
very recently our group has reported the exis-
tence of high levels of melatonin in the bile of

rats and other mammals [Tan et al., 1999] and
we speculate that these high levels of melato-
nin in the bile may be involved in the protective
antioxidant effects of melatonin observed in
this study.

With respect to 6-hydroxymelatonin and
N-acetylserotonin, previous studies have de-
monstrated that these indoles also have anti-
oxidant properties in several in vitro conditions
[Chan and Tang, 1996; Matuszak et al., 1997].
However, few studies have been carried out to
investigate the antioxidant properties of these
indoles under in vivo conditions [Hara et al.,
1997]. Furthermore, in the in vitro studies the
results obtained with different indoles have
been variable [WoÈl¯er et al., 1999]. In our
study, the results obtained with liver LPO were
supported by the studies on membrane ¯uidity.
Thus, studies in a variety of membrane systems
have demonstrated that free radicals disturb
the order and lipid dynamics of the membrane
and the biophysical measurements of mem-
brane ¯uidity are a good method to document
membrane structural alterations as a conse-
quence of lipid peroxidation [Curtis et al.,
1984]. In this context, two basic mechanisms
have been proposed to explain loss in mem-
brane ¯uidity due to lipid peroxidation. Firstly,
the reduction in the unsaturation/saturation
ratio of membrane fatty acids [Curtis et al.,
1984] and, secondly, the formation of cross-
linking of lipid±lipid and lipid±protein moi-
eties [Eichenberger et al., 1982]. Hence, antio-
xidant molecules that inhibit lipid peroxidation
also prevent membrane rigidity induced by
oxidative stress. The results obtained in this
study, using TMA-DPH as a ¯uorescence
probe, are consistent with these observations.
Thus, ANIT caused a signi®cant reduction in
hepatic microsome membrane ¯uidity and this
reduction was completely prevented by mela-
tonin, 6-hydroxymelatonin or N-acetylseroto-
nin. With respect to melatonin, similar results
have been reported from several in vitro stud-
ies which used other methods to induce LPO
[GarcõÂa et al., 1997, 1998]. However, this is the
®rst study that compared the effects of the
melatonin, 6-hydroxymelatonin, and N-acetyl-
serotonin on hepatic microsome membrane
¯uidity under in vivo condition.

In the present study the liver injury induced
by ANIT, as indicated by the serum values of
SGPT and SGOT activities and total bilirubin
concentration, was ef®ciently reversed by mel-
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atonin and to a lesser degree by 6-hydroxyme-
latonin, but not by N-acetylserotonin. On the
other hand, membrane oxidative injury indu-
ced by ANIT, as shown by both LPO and
membrane ¯uidity was prevented to a similar
degree by all three indoles. To explain these
differences the pathogenic mechanisms of
hepatic injury due to ANIT are summarized.
Several mechanisms for the pathogenesis of
ANIT-induced liver injury have been proposed;
these include endotoxemia [Calcamuggi et al.,
1992], the formation of a reversible S-conjugate
between the glutathione and the ANIT [Jean
and Roth, 1995], and the in®ltration of poly-
morphonuclear neutrophils into the hepatic
parenchyma all of which induce hepatic dam-
age. Although glutathione may play a role in
ANIT hepatotoxicity, neutrophil in®ltration is
critical to hepatic pathogenesis caused by
ANIT. Thus, in rats given one injection of
ANIT, it has been shown by histological studies
that polymorphonuclear neutrophils promi-
nently in®ltrate the hepatic tissue before the
onset of liver injury [Goldfarb et al., 1962]. In
this context, Dahm et al. [1991] reported that in
rats pretreated with antineutrophil serum, the
development of ANIT-induced liver damage
was prevented. Because of this they suggested
that neutrophil in®ltration is a major aspect of
ANIT-induced liver injury. Also, it has been
demonstrated under in vitro conditions that
ANIT stimulates neutrophils to release super-
oxide anions and proteolytic enzymes that are
toxic to hepatic parenchyma cells [Roth and
Hewett, 1990; Hill and Roth, 1998]. However,
Dahm et al. [1991] found that in rats pretreated
with a combination of the antioxidative super-
oxide dismutase and catalase, the degree of
ANIT-induced hepatic damage is not attenu-
ated. They, therefore, suggested that neutro-
phil-derived oxygen radicals are not involved in
the development of ANIT-induced liver injury.
Recent reports [Kongo et al., 1999; Ohta et al.,
2000a] indicate otherwise. These workers
believe that hepatic lipid peroxidation asso-
ciated with ANIT-induced liver injury involves
oxygen radicals derived from neutrophils
which in®ltrate the liver. Neutrophils are
known to mediate lipid peroxidation through
the production of superoxide anion via acti-
vated NADPH oxidoreductase [Casini et al.,
1997]. In the present study histological ana-
lyses of liver tissue after ANIT administration
showed the in®ltration of neutrophils. Further-

more, in the ANIT-injected rats the number of
apoptotic hepatocytes was also increased. Con-
current melatonin administration reduced the
polymorphonuclear neutrophil in®ltration as
well as the number of apoptotic hepatocytes.
With respect to melatonin, these results are in
good accord with previous reports showing that
melatonin protects against acute liver injuries
induced in rats by endotoxic shock and ische-
mia-reperfusion, not only through its direct
antioxidant action but also by inhibiting the
in®ltration of polymorphonuclear neutrophils
[Sewerynek et al., 1995, 1996]. Collectively
these ®ndings indicate that melatonin exerts a
protective effect against ANIT-induced liver
injury through not only its antioxidant proper-
ties, but also because of its inhibitory effect on
neutrophil in®ltration into the liver tissue.

In contrast to melatonin, the administration
of 6-hydroxymelatonin or N-acetylserotonin
did not protect against neutrophil in®ltration
and hepatocyte apoptosis. With respect to 6-
hydroxymelatonin, its partially protective act-
ions must have been due to actions other than
a reduction of neutrophil in®ltration. With
regard to N-acetylserotonin, the current resu-
lts are in good accordance with previous pub-
lished ®ndings. Thus, its protective effects
appear minimal. However, another possibility
is that the results observed in this study with
N-acetylserotonin may be ascribed to mela-
tonin produced after the administration of
N-acetylserotonin. It has been proposed that
N-acetylserotonin stimulates pineal melatonin
biosynthesis after its administration [Oxenk-
rug and Requintina, 1994]. Consequently, the
in vivo effects of N-acetylserotonin might be
better studied in pinealectomized animals or in
strains of animals with a defective melatonin
biosynthesis system.

The acute hepatotoxicity induced by ANIT in
rats is manifested, as mentioned above, as
neutrophil-dependent necrosis of not only he-
patocellular cells, but also of bile epithelial cells
(BECs). In fact, BECs are the primary targets
of ANIT-induced toxicity and injury to these
cells occurs prior to hepatocellular damage
[Connolly et al., 1988]. Furthermore, it has
been demonstrated that after exposure to
ANIT, BECs produce a factor(s) that causes
neutrophil chemotaxis and neutrophil-depen-
dent hepatocellular injury [Hill et al., 1999]. A
recent study has demonstrated that human
BECs exposed to certain proin¯ammatory

468 Calvo et al.



cytokines (IL-1 and TNFa) rapidly express
IL-8 and monocyte chemotactic protein-1
(MCP-1), potent chemotactic agents for neu-
trophils and monocytes or T cells, respectively
[Morland et al., 1997].This is not unusual, since
epithelial cells of various types are known to
produce chemotactic factors. For example, after
exposure to certain toxicants, pulmonary air-
way epithelial cells and renal epithelial cells
produce several chemokines (e.g., macrophage
in¯ammatory protein [MIP], cytokine-induced
neutrophil chemoattractant [CINC], and MIP-1)
capable of inducing neutrophil chemotaxis and
activation [Driscoll et al., 1993; Schmouder
et al., 1993]. BECs have active inmunological
roles in both innate and adaptive immune
responses. In fact, it has been demonstrated
that BECs are able to secrete chemokines and
cytokines, to express cell adhesion molecules,
and to carry out functions as professional anti-
gen-presenting cells [Reynoso-Paz et al., 1999].

In conclusion, from the observations sum-
marized herein and from the results of the
present study, we speculate that melatonin
protects against ANIT-induced liver injury
because of its antioxidant properties and addi-
tionally due to its capacity to inhibit hepatic
neutrophil in®ltration, probably by inhibiting
the production in BECs due to one or more
factors (probably chemokines) that are respon-
sible for neutrophil chemotaxis. It is important
to note that neutrophil in®ltration is the ®rst
event in in¯ammation and melatonin has been
postulated as an anti-in¯ammatory agent
[Cuzzocrea et al., 1997]. Furthermore, it has
been demonstrated that melatonin is able to
modulate the production of several cytokines
[GarcõÂa-MaurinÄo et al., 1997]. However, the
exact nature of this factor(s) requires further
investigations. With respect to 6-hydroxymela-
tonin, although this indole is able to provide
partial protection against ANIT-induced liver
injury, probably through its antioxidant prop-
erties, its mechanism of action in unclear.
Finally, N-acetylserotonin, in the experimental
conditions of this study, showed less pervasive
effects, only reducing ANIT-induced hepatic
LPO and the effects on microsomal membrane
¯uidity.
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